Abstract. Thirty-five Bolivian children (5-10 years of age) seropositive for infection with T. cruzi underwent specific chemotherapy with benznidazole. Before treatment, 57.1% had a positive parasitologic diagnosis. Some patients presented an early conversion by polymerase chain reaction of blood samples, while others were still positive four and seven months after the end of the treatment, which indicated an absence of parasite clearance. Strain typing showed that most patients were infected by a mixture of clones I and II of T. cruzi. Serologic conversion in conventional tests and antibodies to shed acute-phase antigen were observed in two and four patients, respectively. For the other patients, the average rate of antibody decay was half the initial rate. The parasitologic and serologic data indicated that chemotherapy acts throughout the course of infection in a long-lasting process in which the decrease of specific antibody production is related to the reduction of the live parasite load.
INTRODUCTION
Chagas disease, which affects 17 million people throughout Latin America, is caused by the protozoan Trypanosoma cruzi and is transmitted by hematophagous insects of the family Reduviidae. 1 After development of an acute disease phase characterized by intense parasitism and generally transient symptoms such as fever and myocarditis lesions, an asymptomatic indeterminate phase develops with subpatent parasitemia and positive serologic findings. Although most infected patients remain in this phase for life, 20-30% will develop clinical manifestations involving degenerative cardiac or digestive tract lesions with inflammatory foci characteristic of T. cruzi infection.
Two main hypotheses have been formulated to explain the pathogenesis of Chagas disease: 1) T. cruzi induces an autoimmune response that is directed mainly against host tissues and is independent of the persistence of the parasite and/or 2) persistence of the parasite in particular tissues or organs will result in a chronic inflammatory process leading to tissue destruction. [2] [3] [4] Both hypotheses are supported by cumulative data, but the finding supporting the second hypothesis is that treatment with specific anti-chagasic drugs is beneficial when applied to children as well as to patients with chronic disease with cardiomyopathy. [5] [6] [7] However, the general assumption until now is that treatment is particularly successful in the early stages of the infection (acute and congenital), but less effective when applied later during the indeterminate chronic phase. 1 Two drugs have been used for the treatment of Chagas disease: nifurtimox (a nitrofurane derivative) and benznidazole (a nitroimidazole), with various degrees of sensitivity depending on the parasite strain. Clonal populations of T. cruzi show considerable biologic and genetic variability, and comparative studies have suggested that differences in drug susceptibility are associated with particular genotypes. [8] [9] [10] Moreover, secondary effects limit the use of these drugs. Thus, there is an urgent need for new and better compounds to increase the number of cured patients, particularly those in the chronic phase. 1 However, it is difficult to accurately determine the effect of treatment in the absence of a joint approach that includes both physicians and biologists. The first criterion for cure should be parasitologic clearance. The second one should be seroconversion, the only parameter accessible by routine tests. Nevertheless, the persistence of positive serologic findings, which are generally observed after treatment of chronic cases, represents a major difficulty in accurate evaluation of therapeutic efficacy.
Recently, specific antibodies to T. cruzi were separated into two categories: 1) those associated with acute ongoing infection and 2) those persisting at high levels throughout the life of chagasic patients. 11, 12 Parasitologic clearance could be monitored by the polymerase chain reaction (PCR), which is the most sensitive parasitologic test, or by measures of antibody decay associated with live parasites. The latter should be clinically beneficial by reducing the probability of developing chronic disease, and could be a criterion for long-term followup studies.
We report the results of a field trial focused on evaluating the success of chemotherapy in Bolivian children infected by a natural mixture of two clones belonging to T. cruzi I and II lineages (clones 20 and 39, respectively). Treatment with benznidazole and follow-up were carried out by parasitologic (xenodiagnosis and PCR-hybridization studies) and serologic (conventional and antibodies to shed acute-phase antigen [SAPA]) tests.
MATERIALS AND METHODS
Study population and benznidazole treatment. This study was conducted at the Buenas Nuevas School and the Harry Williams Hospital in the Huayrakhasa sector of the Cochabamba city in Bolivia during 1997 and 1998. The protocol of the study was reviewed and approved by the Institutional Ethical Committee of the Colegio Médico de Bolivia. The parents of the children were informed in detail about the protocol and a consent form was signed by each of them.
Thirty-five school children (age range ‫ס‬ 5-10 years) were recruited from 40 of 930 children examined who were positive by two independent conventional serologic tests (enzymelinked immunosorbent assay [ELISA] and immunofluorescence test). Before treatment, any clinical manifestation of acute Chagas disease and other pathology was observed in the selected patients. Toxic effects were assessed before and during follow-up by hemogram, including red blood, hematocrit, hemoglobin (mean cell volume, mean corpuscular hemoglobin, and mean corpuscular hemoglobin concentration), neutrophil, monocyte, lymphocyte, eosinophil, basophil, and platelet counts, and erythrocyte sedimentation rate. Benznidazole was given at a dose of 8 mg per kg of body weight per day for 60 days. The drugs were administrated daily by health workers at the school and to each house on weekends. Prior to treatment, parasites were detected in blood by microscopically observation of four hematocrit tubes at their interphase (hematocrit test). 13 Xenodiagnosis was carried out before the treatment and 12 months posttreatment using 2 boxes of 20 third-instar nymphs of Triatoma infestans each for 30 minutes. The feces of the bugs were examined individually two and three months later and collected for further analysis by PCR.
Patient follow-up after treatment. The outcome of treatment was evaluated immediately after treatment and at 6, 9, and 14 months after treatment by an ELISA, detection of specific antibodies against SAPA recombinant protein, and a PCR on blood samples. 14, 15 Identification of clones 20 and 39 was done by hybridization of PCR products with specific kinetoplast DNA probes as previously described.
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Screening of houses for vectors. Dwellings of the children were examined for triatomines before the study and all positive and adjacent dwellings were sprayed both inside and outside with a deltamethrin-active substance (K-Othrine; Hoechst Schering Agrevo S.A., Berlin, Germany) at a concentration of 1.5 grams/5 liters/100 m 2 . Dwellings were subsequently sprayed monthly to eliminate transmission during the study.
RESULTS
Parasitologic status before treatment. Different parasitologic tests were conducted for 35 seropositive children selected for treatment with benznidazole. The results are summarized in Table 1 . Only three patients had positive hematocrit test results, while one was also positive by xenodiagnosis and a PCR on blood samples, and the two others were negative by xenodiagnosis but positive on a PCR for blood samples. Conventional xenodiagnosis identified disease in 7 of the 35 patients studied, while PCR and xenodiagnosis confirmed these cases and identified three additional patients.
The PCR on blood samples was positive in 37.1% of the patients and appeared to be the most sensitive parasitologic test, although the agreement between xenodiagnosis and the PCR on blood samples was only 51.4% for parasite detection. Twenty-one (57.1%) patients had at least one positive parasitologic test result.
Post-treatment parasitologic follow-up and detection of clones 20 and 39. All patients completed treatment although some follow-up data were missing, mainly for 12 months after the end of the treatment. Toxic side effects were not observed during treatment. Table 2 shows the individual results for the parasitologic tests and strain detection before and after treatment. All 22 patients studied tested 12 months after the end of treatment were negative for by conventional xenodiagnosis, PCR and xenodiagnosis, and PCR. Four different patterns were observed. The first pattern (group 1) included 8 patients with positive parasitologic results before treatment and early conversion of PCR results from 4 to 12 months after treatment. The second pattern (group 2) included 12 patients with conversion of PCR results approximately one year posttreatment. The third pattern (group 3) included 15 patients who were parasitologically negative before treatment, of which but 6 were subsequently positive by the PCR. The fourth pattern (group 4) included nine patients who had consistently negative results.
The two major clones 20 and 39 were identified by hybridization of xenodiagnosis-PCR products and PCR products with specific kinetoplast DNA probes. Before treatment, parasite clones were identified in 20 patients. Similar frequencies of clones 20 (70%) and 39 (65%) were observed, including 45% of mixed infections (positive hybridization with both probes) ( Table 2) . Parasite clones were detected in 18 patients immediately after treatment and at 4, 7, and 12 months after the end of treatment, of which 12 had a positive PCR result before treatment and 6 others had a negative PCR result. Mixed infections were identified in 83.3% of the samples.
Antibodies to T. cruzi and IgG antibodies to SAPA posttreatment. The evolution of specific antibodies against T. cruzi and SAPA recombinant protein after treatment is shown in Table 3 and Figure 1 . Before treatment, all 35 patients had IgG antibodies to T. cruzi IgG, but two converted to negative results (patients HUA 243 and HUA 419). One patient showed early conversion 4 months after the end of treatment (samples at 7 and 12 months were not available). The second patient had antibody 7 months after the end of treatment but was negative at 12 months. For the other 33 patients, average levels of antibodies to T. cruzi decreased by 21% immediately after treatment and by 48.6% at 12 months after the end of treatment. Figure 1a shows that most (75%) of the patients showed a decrease in antibody level (> 50%) at 12 months. Antibodies to SAPA were detected in 31 patients (88.6%), while 4 showed no antibody response to SAPA before treatment and at 12 after the end of treatment (patients HUA 842, HUA 284, HUA 35, and HUA 489). Among the patients positive for antibodies to SAPA before treatment, 29% were negative after treatment (3 patients immediately after treatment, 5 patients 4 months later, 1 patient 7 months later, and 1 patients 12 months later), while 71% remained positive with decreasing average antibody levels from immediately after treatment to 12 months later, reaching 50% of the initial level at 12 months (Figure 1b) . Comparison of levels of antibodies to T. cruzi and SAPA in patient groups with different parasitologic patterns showed that before treatment positive patients (groups 1 and 2) had no significantly different levels of either antibody type. Only patients in group 4 had a significantly lower level of antibodies either against T. cruzi or SAPA. In this group, although the parasitologic test results were negative at 12 months after the end of treatment, the serologic results were positive.
DISCUSSION
Although it is not known whether Chagas disease has an autoimmune or parasitic disease pathology, available knowledge indicates specific treatment for this disease. 17 Although the benefit of treatment is limited in patients with a longlasting chronic infection, it is more promising for short-term chronic infection and indeterminate forms of the disease 6 Nevertheless, one of the principal challenges concerning Chagas disease control is the absence of reliable criteria for the evaluation of chemotherapeutic efficacy. Two categories of tests concerning parasitologic and serologic evaluations have been proposed. Whatever the pathology, parasite clearance is difficult to ascertain because conventional parasitologic tests are relatively insensitive. Nevertheless, the PCR is currently the most sensitive technique for parasite detection and in the work presented in this report, it was used together with conventional xenodiagnosis before and after treatment. [18] [19] [20] [21] In this study, PCR-based parasite diagnosis was positive in only 37.1% of the seropositive children. This result differed from our previous report of a higher sensitivity of the PCR- HUA 242  6  G1  -20  -----HUA 856  10  -20  -----HUA 890  10  -39  -----HUA 824  10  39  ------HUA 22  5  39  ------HUA 776 10 HUA 409  7  G3  --M  M  -ND  ND  HUA 532  9  --20  M  20  --HUA 837  10  ---M  -ND  ND  HUA 1000  6  ND  --M  M  --HUA 647  8  --ND  20  M  --HUA 427  7  ----M  N D  N D  HUA 35  5  G4  -------HUA 244  6  -------HUA 419  7  -------HUA 492  8  -------HUA 178  5  -----ND  ND  HUA 489  8  -----ND  ND  HUA 804  10  ----ND  --HUA 754  9  ---ND  ND  --HUA 814  10  ---ND  ND based diagnosis (82%) in a rural population (Mizque village) of Bolivian children living in the same region, 16 and indicates that patients living in a rural area may develop higher parasitemias. In both areas, clones 20 and 39 were the principal ones detected in the T. infestans vector, but the seroprevalence was of 4.6% in the urban population and 10-fold higher in the rural area (44%). 22 In areas highly endemic for this disease, individuals are exposed continuously to the vector and multiple infections likely occur simultaneously, leading to increased infestation and parasitemia. Experimental infections in dogs showed that partial immunity was acquired after the first infection and that re-infections resulted in an increase of circulating parasites. 23 A similar phenomenon could occur in humans in areas highly endemic for this disease. Although PCR results correlate with those obtained for parasitemia, they appear to depend on parasite genotypes, and the results presented here suggest that PCR results should not be the only parameter considered because multiple co-infections probably influence the course of parasitemia, including the persistence of blood parasites and their density. 15, 24, 25 One year post-treatment, the PCR parasite detection test showed negative results for all previously positive patients, but four groups were observed. The first group was composed of eight patients with a positive PCR result before treatment and no detectable parasitemia at the end of the treatment and up to one year of follow-up. These patients were considered cured. The second group was composed of patients who still had parasites detected at the end of treatment and during subsequent follow-up, but after one year, the PCR and xenodiagnosis results were negative. Persistence of the parasite in this group may contribute to induction of a strong specific immune response that eliminates the parasites by one year post-treatment. The third group was composed of 15 patients who were PCR negative before treatment, of whom six converted to a PCR-positive result after treatment and reconverted to a PCR-negative result one year later (group 3). These patients may show an effect of benznidazole on activation of intracellular amastigotes, in which their differentiation is subsequently controlled by the immune system. The increase in detectable mixed infections after treatment may favor this hypothesis. The fourth group was composed of patients who did not have any positive parasitologic test results. This showed that the infection was naturally controlled in these patients. This population should be monitored for possible auto-reactive clinical symptoms caused by antibodies induced by parasite antigens, but continuously stimulated by cross-reactive self antigens.
A diagnosis of T. cruzi infection is generally made by serologic detection of specific IgG against parasite proteins. The persistence of specific antibodies in individuals infected with T. cruzi is a common component of the immune response, while positive serologic results that become negative is indicative of parasite clearance, signifying cure of the infection. Some cases of spontaneous human cure have been reported but these are generally considered to be exceptional. 26 After successful treatment of cases with chronic disease, the decrease in antibodies detected by conventional serologic techniques is generally a very slow process, whereas antibodies that have a parasite-specific lytic activity gradually become negative after treatment. 27 The low level of seroconversion after only one year post-treatment is consistent with previous data. Nevertheless, the decrease in antibodies to SAPA is more rapid and may provide a better criterion of cure. [28] [29] [30] [31] In the present study, most patients were parasite negative one year post-treatment, but retained positive serologic results for T. cruzi. The mechanisms underlying this persistence of specific antibodies are not understood. One hypothesis is that small numbers of parasites may be sequestered in body tissues and are able to sustain a persistent immune response. 4 Alternatively, an autoimmune response may be elicited during the acute phase of infection that leads to cross-reactive autoantibodies, 2 which may persist by permanent stimulation of self antigens. There are no particularly strong arguments favoring either hypothesis and they are not mutually exclusive. Proteomic studies and double-dimension electrophoresis might identify some cross-reactive antigens recognized by the sera of chronically infected individuals. Recent studies have shown that the presence of PCR-detectable parasite DNA in human samples was associated with pathology. 32, 33 However, no good cure criteria are yet available in spite of several attempts to define a relevant parasite molecule, such as the antigenic counterpart of the lytic antibodies. 
